Objective: Angiogenic therapy is emerging as a potential strategy for the treatment of ischemic heart disease but is limited by a relatively short half-life of growth factors. Fibrin glue (FG) provides a reservoir for controlledrelease of growth factors. The aim of this study was to evaluate the effects of basic fibroblast growth factor (bFGF) incorporating FG on angiogenesis and cardiac performance in a canine infarct model. Methods: Acute myocardial infarction was induced by ligation of the left anterior descending coronary artery (LAD). Group I (n=6) underwent ligation of LAD alone. In Group II, transmural channels were created in the infarct area (n=6). In Group III, nontransmural channels were created to locate FG cylinders containing bFGF (n=6). Eight weeks after operation, myocardial perfusion was assessed by single photon emission computed tomography, cardiac function by echocardiography, and vascular development by immunohistochemical staining. Results: Total vascular density and the number of large vessels (internal diameter ≥50 μm) were dramatically higher in Group III than in Groups I and II at eight weeks. Only the controlled-release group exhibited an improvement in regional myocardial perfusion associated with lower defect score. Animals in Group III presented improved cardiac regional systolic and diastolic functions as well as global systolic function in comparison with the other two groups. Conclusions: Enhanced and sustained angiogenic response can be achieved by controlled-release bFGF incorporating FG within transmyocardial laser channels, thus enabling improvement in myocardial perfusion and cardiac function.
Introduction
Therapeutic angiogenesis has emerged as a promising strategy for the treatment of patients with end-stage coronary artery disease who are not suitable candidates for surgical or percutaneous revascularization (Henry et al., 2003; Kastrup et al., 2005; Stewart et al., 2009) . Basic fibroblast growth factor (bFGF), a potent mitogen, has the ability to induce endothelial and smooth muscle cell proliferation in vitro and elicit in vivo angiogenesis that includes the migration and proliferation of endothelial cells, vascular tube formation, and linkage to the preexisting vascular network (Beenken and Mohammadi, 2009) . Considerable enthusiasm has arisen from numerous preclinical studies demonstrating improvements in perfusion, function, and vascularity utilizing bFGF-related protein therapy in a variety of animal models (Harada et al., 1994; Kawasuji et al., 2000) . However, the translation of this experience into clinical practice has been disappointing for a few recurring reasons (Laham et al., 2000; Simons et al., 2002) . One of the proposed problems is insufficient delivery of growth factors due to a short half-life in the body (Post et al., 2001) .
Fibrin glue (FG), a natural component of the extracellular matrix, has been widely used as a tissue sealant in surgery (Currie et al., 2001; Karacal et al., 2007) . Since fibrin sealant is lysed slowly, it can serve as a vehicle to slowly release various agents (Fasol et al., 1994; Kang et al., 1995) . It is hypothesized that bFGF incorporating FG can be released at a steady rate and generate an effective concentration over a prolonged period of time, eliciting a controlled and sustained angiogenic response. The administration of FG containing bFGF directly into transmyocardial laser channels may have a synergistic angiogenic effect (Heilmann et al., 2003) . In the present study, we used an FG carrier to evaluate whether the controlledrelease bFGF in transmyocardial channels would further stimulate neovascularization and hereby resume cardiac perfusion and function in a canine infarct model.
Materials and methods

Preparation of bFGF incorporating FG
Human recombinant bFGF was supplied by Shuanghe Pharmaceutical Co., Ltd., Beijing, China, and the FG kit was obtained from Shanghai Xinxing Blood Product Research Institute, China. The FG used in this study is a two-component system that remains liquid after mixing for several seconds before solidifying into a solid gel matrix. Briefly, lyophilized human fibrinogen was dissolved in sterile 0.9% (w/v) sodium chloride at final concentration of 40 mg/ml (Solution I). Lyophilized human thrombin was further diluted in 40 mmol/L calcium chloride to obtain final concentration of 500 U/ml (Solution II). For bFGF incorporating fibrin glue, 35 μg of bFGF was added to 0.5 ml of Solution II at a final concentration of 70 μg/ml (bFGF-thrombin, Solution III). The 0.5 ml of Solutions I and III were prepared for the following procedure.
Animal model and grouping
All animals received humane care in compliance with the "Principles of Laboratory Animal Care" formulated by the National Society for Medical Research of China and the "Guide for the Care and Use of Laboratory Animals" prepared by the National Academy of Sciences of China (National Institutes of Health Publication 85-23, revised 1985) . A total of 18 adult male mongrel dogs weighing 15 to 20 kg (provided by Weitonglihua Experimental Animal Center, Beijing, China) were studied. They were fed a normal diet and housed individually under controlled environmental conditions (20-25 °C room temperature, 55%-65% relative humidity). The animals were anesthetized with intravenous administration of thiopental sodium (15 mg/kg) and then maintained with ketamine, incubated and mechanically ventilated (Newport NMI Wave E200). A small left thoracotomy through the 5th intercostal space was performed to expose the heart using a sterile technique. The left anterior descending coronary artery (LAD), distal to its first diagonal branch, was isolated and partially ligated with a 3.0 polypropylene suture for ischemic preconditioning for 20 min, with changes in pressure and electrocardiography (ECG) observed and lidocaine (1 mg/kg) injected intravenously when necessary. It was then completely ligated to establish an acute myocardial infarction model. Thirty minutes after ligation, the dogs were randomized into three groups. Group I (n=6) served as blank control and had acute myocardial infarction alone. In Group II (n=6), transmural channels were made in the infarct area at the density of 1 channel/cm 2 ; an average of 11 (range 10-12) channels were made in each heart. Potassium-titanyl-phosphate (KTP) double-frequency Nd:YAG (neodymiumdoped yttrium aluminium garnet; Nd:Y 3 Al 5 O 12 ) laser (Laser Technology and Engineering Research Institute, Huazhong University of Science and Technology, Wuhan, China) was used. In Group III (n=6), non-transmural channels (10-12 channels per heart) were created in the infarct territory. A total of 0.5 ml of Solutions I and III were delivered through a double pump applicator, which holds the two components in separate syringes and provides simultaneous mixing and delivery. Notably, previous studies showed no significant angiogenic response in animals treated with FG, suggesting that the angiogenic effects result entirely from the component contained in FG (Fasol et al., 1994) . After hemodynamic stability the pericardium and chest were closed, and the dogs were allowed to recover.
Myocardial perfusion imaging
Single photon emission computed tomography (SPECT) imaging with technetium-99m methoxyisobutylisonitrile ( 99m Tc-MIBI) was conducted eight weeks after the surgery. Dogs were anesthetized with intravenous 3% (w/v) sodium pentobarbital (20-30 mg/kg) and were placed in the dorsal position in an SPECT scanner (Millennium VG, GE, Wisconsin, USA). SPECT images were acquired at 15 min after intravenous injection of 99m Tc-MIBI [(244.2± 37.0) MBq]. Briefly, projection data were acquired over 180° (right anterior oblique 45° to left posterior oblique 45°) using a 64×64 matrix in a 20% energy window (centered on the 140-keV X-ray photopeak), 30 s per 6° frame (totally 30 frames). All SPECT images were batch-reconstructed using standard filtered back-projection (order 4, cutoff 0.28×Nyquist frequency) without attenuation or scatter correction.
For each dog, the myocardial perfusion SPECT images were visually scored using a Cedars-Sinai 20-segment (CS-20) model (Fig. 1 ) and a 0-4 scale (0=normal uptake, 1=mildly reduced uptake, 2= moderately reduced uptake, 3=severely reduced uptake, and 4=no uptake), as previously described (Germano et al., 2000) . Two independent observers, who were blinded for related information, interpreted the images, and each segment was scored by consensus. The defect score was calculated as the sum of the perfusion defect. For each animal, a summed defect score in 2, 3, 7, 8, 9, 13, 14, 19, 20) and the number of segments (defect score >1) in CS-20 were calculated (Fig. 1 ).
Echocardiographic assessment of cardiac function
Left ventricular (LV) function was evaluated by transthoracic echocardiography using a Sequoia 256 system (ACUSON, California, USA) with a 3.0-5.5 MHz transducer. The following parameters were derived from the M-mode tracing: thickness of interventricular septum (IVS) and left ventricular anterior wall (LVAW) during systole and diastole to analyze regional wall thickening (ΔT), and motion amplitude (MA) and fractional shortening (FS) of LVAW. The variables measured on two-dimensional (2D) echocardiography were the left ventricular endsystolic dimension (LVESD) and the left ventricular end-diastolic dimension (LVEDD). LV ejection fraction (EF), stroke volume (SV), cardiac output (CO), and fractional area contraction (FAC) were calculated using the Simpson biplane method. Regional wall movement score index (WMSI) was calculated according to the guidelines of the American Society of Echocardiography (Bourdillon et al., 1989) . Based on a standard 16-segment model, wall motion was graded as follows: 1=normal; 2=hypokinetic (reduced systolic wall thickening); 3=akinetic (absent systolic wall thickening); or 4=dyskinetic (outward systolic wall motion). The systolic peak velocity (s) and the early-to-late diastolic peak velocity ratio (e/a) of the mitral valve (MV) and LVAW were determined by pulsed Doppler and pulsed Doppler tissue imaging (DTI). Echocardiograms were interpreted in a blinded manner by a cardiologist with expertise in echocardiography.
Histological study
After the SPECT and echocardiograph were performed, the dogs were euthanized and the hearts were excised. For dogs in Groups II and III, three infarct portions were cut off and fixed in 10% (v/v) buffered formalin. The transmural sections (3-μm) of the LV were embedded in paraffin stained with hematoxylin-eosin (H&E). Blood vessels were highlighted by staining endothelial cells for factor VIII-related antigen (Santa Cruz, California, USA) by applying the streptavidin-biotin peroxidase complex (SABC) method. Angiogenesis was assessed by counting the number of microvessels, including capillaries (diameter <20 mm) and arterioles (diameter ≥20 μm and <100 μm with tunica media), which were defined as round or elliptical structures with a clearly-defined lumen lined by cells staining positively to factor VIII. Three randomly selected high power fields (hpfs) from each portion (400×) were examined by two pathologists who were blinded to the grouping. The average number of the vessels in one portion was used for the assessment of vascular density. The same fields were selected to calculate microvessels with diameter ≥50 μm using an HPIAS-2000 image analysis system (Qianping Company of Imaging Technology of Tongji Medical College, Wuhan, China). Finally, the area of positive expression and average absorbance of factor VIII were analyzed at 200× field with the HPIAS-2000 image analysis system. Three fields were randomly selected from each portion for quantitative analysis.
Statistical analysis
SPSS 15.0 (SPSS Science, Chicago, IL, USA) for Windows was used for statistical analysis and all data were presented as mean±standard deviation (SD). Oneway analysis of variance (ANOVA) was used followed by Student-Newman-Keuls test for multiple comparisons. Values of P<0.05 were considered significant.
Results
Two (one in Group I; one in Group II) of 18 animals died on 22 and 34 d after surgery, respectively. There were no deaths related to transmyocardial laser penetration and/or administration of bFGF incorporating FG. All other animals survived until euthanasia without postoperative complications and were used in the analysis (Group I, n=5; Group II, n=5; Group III, n=6).
Myocardial perfusion
SPECT images were divided into three different axes: short-axis images, vertical-axis images, and horizontal-axis images (Fig. 2a) . Eight weeks after surgery, the control group showed a characteristic reduced perfusion corresponding to the occluded distal LAD: radioactivity of LVAW displayed degraded distribution. There was no apparent improvement of perfusion in Group II. Images of Group III typically demonstrated improved myocardial blood perfusion in three axes.
There were no significant differences in the baseline defect score among the three groups (P>0.05). Regional defect scores were different after eight weeks. Group III demonstrated significantly lower total regional defect score in CS-20 and LAD territory compared with Groups I (P<0.05) and II (P< 0.05) (Fig. 2b) . In addition, there were less segments with a defect score >1 in Group III than in Groups I (P<0.05) and II (P<0.05) (Fig. 2c) .
Cardiac function
Echocardiographic assessment of cardiac function demonstrated significant benefits in the controlled-release group vs. Groups I and II (Table 1) . Eight weeks after the operation, the thickness of IVS during systole was significantly greater in Group III than in Groups I and II (P<0.05). ΔT was higher in Group III compared to Group I (P<0.05). Similarly, a much greater thickness of LVAW during diastole and systole was seen in the controlled-release group (P<0.05 in comparison with Groups I and II). Moreover, Group III exhibited enhanced MA and higher FS than the other two groups. All of the above data showed no significant difference between Groups I and II. Although no significant differences were found in LVEDD (P=0.997) and LVESD (P=0.127) among groups, EF, SV, CO, FAC, and WMSI as indexes of global systolic function revealed marked improvement in Group III. Compared to Groups I and II, SV and CO were higher and WMSI was lower in Group III (P<0.05). Importantly, DTI showed that in the sustained-release group, the e/a of LVAW was higher than that in Groups I and II (P<0.05). However, no significant differences were seen in e/a of MV in the three groups (P=0.301).
Vascular density
Blood vessels were highlighted by immunostaining for factor VIII (Fig. 3a) (Fig. 3b) . A pathological image analysis system revealed that the density of large vessels, whose internal diameter (measured in the shortest direction) was at least 50 μm in the infarct area, was also higher in the controlled-release group [(6.89± (Fig. 3c) . Quantitative analysis showed that the area of positive expression as well as average absorbance of factor VIII was greatly higher in Group III (Figs. 3d and 3e ).
Discussion
The present study demonstrates that the administration of bFGF incorporating FG directly into transmyocardial laser channels within an infarcted myocardium, results in greatly increased microvessels and significant improvement in regional myocardial perfusion. Importantly, this improvement is associated with enhanced cardiac regional and global function. Hence, these data indicate that controlled-release bFGF promote more efficient neovascularization.
The mechanical-stimulation and pharmacologicstimulation of additional angiogenesis, in response to myocardial ischemia, have been tried for the treatment of patients with otherwise intractable angina pectoris. Despite favorable results with angiogenic growth factors such as bFGF, the optimal delivery of angiogenic growth factors remains problematic. Systemic or intracoronary delivery, while preferable owing to ease of use and clinical applicability, does LVESD: left ventricular end-systolic dimension; EF: ejection fraction; SV: stroke volume; CO: cardiac output; FAC: fractional area contraction; WMSI: regional wall movement score index; DTI: Doppler tissue imaging; s: systolic peak velocity; e: early diastolic peak velocity; a: late diastolic peak velocity; e/a: early-to-late diastolic peak velocity ratio; MV: mitral valve; HR: heart rate; bpm: beat per minute not achieve adequate concentrations in the myocardium to maximize efficacy (Laham et al., 1999) . Furthermore, such delivery methods for therapeutic angiogenesis have been incriminated in the proatherogenic effects, which may lead to plaque expansion or instability (Kornowski et al., 2000a) . Delivery of bFGF via direct myocardial injection can assist in the avoidance of high levels of circulating angiogenic activity but is confined to single administration and angioma. Recently, FG has been examined as a drug or growth-factor delivery vehicle, acting as an important material for tissue engineering. Particularly, fibrin plays an active role through specific receptormediated interactions with cells of the blood and vessel walls. These result in fibrin-specific responses of endothelial cells including adhesion and spreading, migration, and angiogenesis, which may be interrelated with the potent stimulation of the same responses by bFGF (Sahni et al., 2006) . This concept is supported by in vitro studies demonstrating that fibrin clots are an excellent matrix for bFGF-stimulated angiogenesis (DeBlois et al., 1994; Brown et al., 1996) . The bFGF binds specifically and with high affinity to fibrinogen prior to the polymerization of the fibrin (Sahni et al., 1998) . The rate of bFGF release from FG can be controlled according to concentrations of fibrinogen and thrombin (Jeon et al., 2005) . Chawla et al. (1999) employed an angiogenic strategy that utilizes enhanced vascular endothelial growth factor (VEGF) in an FG in two patients with critical limb ischemia. The results angiographically demonstrated the growth of new blood vessels after administration of the VEGF and FG composite. The FG aids in the slow release of the growth factor and thus prolongs its availability, sustaining angiogenesis. On the basis of the above findings, we speculated that the controlled-release bFGF using FG might induce an enhanced angiogenic response and thus promote cardiac perfusion and function.
Sprouting angiogenesis is the best-understood mechanism of new blood vessel growth and involves the formation of new capillaries in response to ischemia or other stimuli. Arteriogenesis involves the widening of existing arteries and formation of collateral vessels and is capable of restoring a large volume of blood flow to a distal ischemic tissue (Phelps and Garcia, 2009) . In a previous study, Yamamoto et al. (2000) injected bFGF into transmyocardial channels in a pig model of chronic myocardial ischemia. The results showed that bFGF increased total vascular density by almost 40% over that observed in the control group. However, the number of large vessels (internal diameter ≥50 μm) was doubled by the addition of bFGF. These data suggested that bFGF further enhances angiogenesis in ischemic myocardium mainly by increasing the size (collateral remodeling) but not the total number of vessels (Yamamoto et al., 2000) . In contrast, our histological investigation showed that total vascular density in the controlled-release group increased 28% over that in Group II, and this was associated with a 59% increase in the number of large vessels (internal diameter ≥50 μm). This indicates that, except for angiogenesis, FG containing bFGF may induce arteriogenesis. Intramyocardial controlled-release bFGF seems to be more effective in producing a apparent and stable vasculature.
Previous clinical trial using percutaneous direct myocardial revascularization in patients with chronic refractory myocardial ischemia showed no significant improvement from nuclear perfusion imaging (Kornowski et al., 2000b) . Another animal study found improvements in myocardial perfusion and regional and global contractile reserve six months after transmyocardial laser revascularization (TMR) in a porcine model of hibernating myocardium (Hughes et al., 1999) . Our quantitative analysis using SPECT demonstrated a significantly increased perfusion in all segments as well as LAD territory eight weeks after the operation, compared with reversed changes happened in the control group. Notably, whereas the number of microvessels increased in both Groups II and III, better perfusion was rendered only by Group III. As mentioned above, slow-release bFGF further stimulated arteriogenesis, which has the ability to increase the lumen by growth. On the other hand, in addition to its mitogenic activity, bFGF has the ability to protect the myocardium acutely from tissue loss and dysfunction (House et al., 2003; Jiang et al., 2004) . Accordingly, controlled-release bFGF enabled itself to work over a long period in situ, which induced rich angiogenesis and good collateral formation, while increasing regional blood flow around bFGF-injected sites.
It is expected that enhanced angiogenesis and improved perfusion will preserve LV function, because LV functional loss may be attributable to insufficient blood flow that accompanies significant ischemic injury. In the present study, Group III exhibited significantly increased regional wall thickening and MA, which may be the result of improved local perfusion of hibernating myocardium adjacent to the infarct zone. However, no evident improvements were seen in Group II. This indicates LV regional systolic function benefits more from sustained-release bFGF in the transmyocardial laser channels. Choi et al. (2006) recently demonstrated that intramyocardial injection of pCK-VEGF165 improved wall thickening and wall motion, but no benefit of EF was seen. Despite inconspicuous changes in LVEDD and LVESD, eight weeks after bFGF administration in our study, cardiac global systolic function (as represented by EF, SV, CO, and WMSI) was strikingly improved. These results suggest that bFGF-impregnated FG had no significant effects on ventricular remodeling process, although myocardial perfusion and cardiac function were markedly improved. The negative results may be ascribed to a short follow-up period (Sutton and Sharpe, 2000) .
There are few experimental and clinical trials regarding the effect of controlled-release bFGF on cardiac diastolic function. Furthermore, Iwakura et al. (2003) presented that Tau, the time constant of isovolumic-relaxation, as an index of global diastolic function, was significantly smaller after intramyocardial injection of bFGF-impregnated gelatin hydrogel. We herein evaluated cardiac diastolic function in detail using a DTI technique. The e/a of LVAW was markedly higher in Group III, but no significant differences were found with respect to e/a of MV, suggesting controlled-release bFGF enables the improvement of cardiac regional diastolic function. The global diastolic function was not restored, probably owing to incomplete improvement of myocardial ischemia after angiogenic therapy.
Several modalities of controlled-release system with various vehicles have been evaluated. Lopez et al. (1997) reported that the sustained release of bFGF with alginate microsphere results in a significant improvement in myocardial function in the presence of chronic myocardial ischemia. Since the alginate is a poorly biodegradable polysaccharide, it may be difficult to control the carrier degradation. In contrast, an accumulating body of evidence exists that slowrelease bFGF incorporated into a biodegradable gelatin hydrogel can promote growth of microvessels and improve LV function (Iwakura et al., 2003; Shao et al., 2006) . In consistence with these researchers, our study group investigated the effects of a new controlled-release system utilizing FG containing bFGF on cardiac performance, which achieved encouraging results.
However, there are still some limitations for our study. First, the acute myocardial infarction model in the present study does not represent chronic myocardial ischemia that is more often seen in the clinical setting. However, this method can be applied as an additional therapeutic regimen to those patients who are not suitable for percutaneous or surgical revascularization after acute infarction. Second, this study did not evaluate the use of FG without bFGF as an additional control group, although previous studies have demonstrated no extra angiogenic response with FG alone (Fasol et al., 1994) . Third, we used just one administration regimen of bFGF. Therefore, further studies are warranted to clarify the dose-effect relationship and to subsequently obtain the optimal efficacy.
Conclusions
The present study showed that controlled-release bFGF incorporating FG in transmyocardial channels could augment angiogenesis, improve myocardial perfusion, and preserve cardiac regional and global function. The synergistic approach may maximize the benefit of therapeutic angiogenesis and provide a novel strategy for patients with ischemic heart disease.
